Polarized epithelial cells
Epithelial cells play a critical role in the defense against microorganisms by separating the internal compartments of the host from the external components. Tight junctions (TJs), located at the most apical region of the lateral membrane, are responsible for sealing the intercellular space of epithelial cells. 1 TJs control paracellular permeability by regulating the flux of water and solutes across the epithelium and help maintain apical-basal polarity by restricting the intermixing of apical and lateral plasma membrane components. 2, 3 TJs comprise transmembrane proteins, including claudins, occludin, tricellulin, MarvelD3, and JAM-A, which contribute to TJ strand formation, control the paracellular seal, regulate barrier function, and participate in adhesion and cell transmigration of the immune system, among other functions. In addition to transmembrane proteins, TJs also contain adaptor proteins (ZO-1, ZO-2, ZO-3, cingulin, MAGI-1, MAGI-3, and MUPP-1) that link transmembrane proteins to the cytoskeleton. Cytoskeletal proteins (ARP2/3, N-WASP, cortactin, and VASP), regulators of actin organization (RhoA, Rac, and the CDC42 family of small GTPases), transcription factors, and nonmuscle myosin II (NMII), among other proteins, localize to TJs and modulate different signaling pathways. 3 TJs are crucial for the establishment and maintenance of epithelial apical-basal polarity, which is controlled by three polarity complexes. The Crumbs complex consists of Crumbs (CRB), protein associated with Lin-7 (PALS1), and PALS1-associated tight junction protein (PATJ). The Par complex is formed by partitioning defective homologue 3 and 6 (PAR3/PAR6), atypical protein kinase C (aPKC), and CDC42. The third complex is composed of Scribble (Scrib)/lethal giant larvae (Lgl)/disc large (Dlg). Apical-basal polarity contributes to cell morphology, directional vesicle transportation, ion and solute transport, and specific localization of proteins and lipids to different membrane domains. 4, 5 The PAR6/aPKC complex is of special interest; PAR6 acts as a scaffolding protein interacting with all polarity complexes, thus allowing aPKC to phosphorylate those polarity proteins that are substrates for the kinase. The interaction of PAR6 with CDC42-GTP activates aPKC to phosphorylate PAR3, leading to recruitment of TJ proteins and the establishment of cell polarity.
6-8 PAR6 interacts with PALS1 and CRB3, the latter being a target protein of aPKC, and this complex is important for TJ formation. [9] [10] [11] [12] doi: 10.1111/nyas.13388 PAR6 interacts with the lateral polarity protein Lgl, allowing aPKC phosphorylation and Lgl exclusion from the apical membrane, further defining apicalbasal polarity and promoting epithelial junction formation. 13, 14 These data suggest that there is complex interplay between TJ and polarity proteins to establish and maintain TJ structure and function and apical-basal polarity, leading to cellular structural integrity and functionality.
EPEC and TJ disruption
Enteropathogenic Escherichia coli (EPEC) delivers bacterial effector proteins into host intestinal epithelial cells through a type III secretion system (T3SS), causing diarrhea. EPEC disrupts intestinal epithelial TJ architecture, leading to altered fence and gate functions of intestinal epithelial cells. [15] [16] [17] [18] [19] [20] [21] [22] Disruption of TJs mediated by EPEC involves several events in the host cells, leading to dissociation of proteinprotein interactions; disorganized distribution of TJ proteins claudin-1, occludin, and ZO-1; and loss of barrier function correlating with the presence of aberrant strands in the lateral membrane. 23 EPEC effectors, specifically EspF, Map, NleA, and EspG, have been widely studied with respect to their specific effects on TJ perturbation.
EspF redistributes occludin from the TJ, decreases transepithelial electrical resistance (TER), and increases paracellular permeability of T84 monolayers. 16 EspF also perturbs TJs in vivo, as demonstrated in a mouse model of infection. Ileum and colon from EPEC-infected mice show a dramatic redistribution of occludin and diminished barrier function, suggesting a role in EPEC pathogenicity. 16, 18, 19 Map modulates epithelial barrier function and contributes to EPEC-induced diarrhea. Map interacts with Na + /H + exchanger regulatory factors I and II (NHERF1/2) and regulates ion channels in the intestine. 24, 25 Deletion of map attenuates the EPECinduced drop in TER in Caco-2 monolayers. 17 Infection of mice with a map deletion Citrobacter rodentium strain, a murine pathogen similar to EPEC, significantly reduces diarrhea caused by wild-type C. rodentium, suggesting that Map plays a crucial role in the flux of ions and water in the intestine. 24, 25 Constitutive expression of Map in MDCKII cells increases the permeability to charged and noncharged molecules, indicating a failure in gate function. 26 NleA redistributes ZO-1 and occludin and contributes to the decrease in TER in polarized intestinal cell monolayers. 22 This effector binds to and inhibits the COPII protein complex, which participates in the packaging and trafficking of proteins from the endoplasmic reticulum to the Golgi. 27 Using a murine model of C. rodentium infection, it was demonstrated that ablation of the NleA interaction with COPII components prevents the redistribution of ZO-1 and occludin and impairs the increased paracellular permeability caused by the wild-type strain. This suggests that NleA may affect TJs by preventing newly synthesized TJ proteins from reaching the apical membrane. 28 EspG also contributes to TER loss and regulates the size-selective paracellular permeability of epithelial cells. 20, 21 Disruption of microtubule networks by EspG was shown to induce the cytoplasmic accumulation of occludin and delay TJ recovery, suggesting that EspG prevents TJ repair. 29 Although altered barrier function has been an area of intense interest, the impact of EPEC on loss of cell polarity following TJ disruption may be another aspect of EPEC pathogenesis.
EPEC causes loss of apical-basal polarity
The impact of EPEC on host intestinal epithelial polarity has only been studied indirectly. Using T84 intestinal epithelial cells, Muza-Moons et al. demonstrated that EPEC infection leads to a progressive redistribution of two basolateral proteins, ␤1-integrin and Na + /K + ATPase, to the apical compartment. ␤1-Integrin is a cellular adhesion molecule that participates in anchoring polarized epithelial cells to the basement membrane. Among other functions, integrins have an important role in the establishment of polarity. For example, ablation of ␤1-integrin causes loss of polarity, leading to defective arterial lumen formation and asymmetric cell division in skin epithelia. 30 ,31 ␤1-Integrin also controls the orientation of epithelial polarity and thus the formation of lumens in differentiated acini. 32 The EPEC outer membrane protein and major adherence factor intimin interacts with the EPEC translocated intimin receptor (Tir). Interestingly, intimin has also been demonstrated to be capable of interacting with the host cell protein ␤1-integrin, although this protein is basolaterally positioned in polarized epithelia and thus not accessible to luminal EPEC. However, EPEC infection allows ␤1-integrin to gain an apical position and become available for interaction with intimin. EPEC infection of polarized epithelial monolayers with a tir deletion strain has no impact on TER compared with wild type. However, in monolayers in which polarity has been altered and ␤1-integrin is apically positioned, the drop in TER is similar to that caused by wild-type EPEC, demonstrating a functional role for altered polarity in EPEC pathogenesis. 33 Effective intestinal ion transport is dependent on cell polarity. Na + /K + ATPase exchanges three intracellular sodium and two extracellular potassium ions across the basolateral membrane. 34 This electrochemical gradient is important for intestinal and colon electrolyte and water transport. 35 Additionally, acute enteritis and chronic ileal inflammation in an animal model decrease the activity and expression of Na + /K + ATPase, leading to diminished electrolyte transport and absorption of nutrients. [36] [37] [38] [39] [40] [41] [42] [43] [44] EPEC infection affects several different intestinal transporters, including sodium hydrogen exchanger 3 (NHE3) and downregulated in adenoma (DRA), contributing to the loss of ions and water manifested as diarrhea. [45] [46] [47] EPEC also perturbs the basolateral localization of Na + /K + ATPase, as well as possibly other ion transporters and channels, redistributing it to the apical membrane domain, 23, 33 which likely contributes to EPEC pathophysiology.
In addition to the redistribution of basolateral proteins, EPEC infection induces the relocalization of ZO-1, occludin, and claudin-1 from the TJ region to the lateral membrane and cytoplasmic compartment, which is the structural/molecular correlate to the loss of fence function. Freeze-fracture replicas of EPEC-infected monolayers revealed aberrant strands extending down the lateral membrane surface and below the TJ area, indicating a prevalent alteration in TJ architecture (Fig. 1) . These structural changes correlate with both increased paracellular permeability and decreased TER. 23 The redistribution of both basolateral and TJ proteins and the appearance of aberrant TJ strands indicate loss of apical-basal polarity. EPEC-induced perturbation of TJ structure and apical-basal polarity may allow the free diffusion of other cytoplasmic and membrane proteins to incorrect cellular domains, further contributing to EPEC pathogenesis. 
The impact of EPEC on Par polarity complex
Little is known about the direct impact of EPEC on specific polarity complexes. EPEC infection of T84 cells increases PKC-enzymatic activity and induces its translocation from the cytoplasm to an insoluble fraction containing membrane proteins. 48 The activity of aPKC kinase increases upon CDC42 binding to PAR6/aPKC, a critical step in the regulation of Par polarity complex. Interestingly, the EPEC effector Map activates CDC42 GTPase, leading to the formation of filopodia, 49, 50 and CDC42 activation may also play a role in altering aPKC activity. The 14-3-3 family of cytosolic adaptor proteins also participates in cell signaling. Phosphorylation of PAR3 via aPKC facilitates its binding to 14-3-3, and disruption of this interaction leads to a loss in epithelial cell polarity, suggesting that 14-3-3/PAR3 regulates the activity of Par polarity complex. 51, 52 Interestingly, our lab reported that EspF associates with 14-3-3 and cytokeratin-18 (CK-18) in T84 monolayers, 53 supporting the hypothesis that EPEC modulates Par complex through its effectors (Fig. 2B) .
EspG disrupts microtubules and delays recovery of disrupted TJs caused by EPEC infection. 29 EspG binds to ADP-ribosylation factor (ARF) and the RAC/CDC42 binding site of p21-activated kinase (PAK). 54, 55 The PAK family acts downstream of RAC1 and CDC42 GTPases and regulates cytoskeletal dynamics and cell motility. Although it has been demonstrated that EspG interaction with ARF and PAK does not contribute to microtubule destruction, 29 its role in apical-basal polarity has not been investigated.
In addition to EPEC effectors possibly affecting Par polarity complex directly, there is likely an indirect effect caused by pedestal formation. 56 For example, during EPEC infection, Tir is injected directly into host cells, where it is phosphorylated and initiates the recruitment of actin polymerization at the site of bacterial attachment. 57, 58 It has been demonstrated that Tir interacts and recruits CK-8 and CK-18 to EPEC-induced pedestals. 56 Cytokeratins are integral components of intermediate filaments (IF) and play an important role in epithelial polarity. For example, CK-8 gene knockout mice show a downregulation of aPKC, loss of syntaxin 3 and apical membrane proteins (alkaline phosphatase, sucrose isomaltase, and cystic fibrosis transmembrane conductance regulator), disorganized microtubules, ion-transport defects, and mistargeting of ion transporters to their cellular compartments.
59-61 The 14-3-3 proteins bind to CK-8 and CK-18, and CK-18 Ser33 phosphorylation is crucial for its association with 14-3-3.
62,63 Importantly, EspF interacts with CK-18, and EPEC infection increases the solubility of CK-18, leading to a dramatic alteration in the architecture of the IF network in EPEC-infected epithelial cells. 53 Deletion of espF partially impaired the ability of EPEC to induce CK-18 solubility and IF morphology. 53 EspF forms a complex with 14-3-3 /CK-18 in a time-dependent manner. Therefore, we speculate that EspF plays a role in disruption of cell polarity through its binding partners 14-3-3 and CK-18 (Fig. 2B) . Together, these data support the hypothesis that EPEC effectors cooperate to perturb cell polarity complexes by targeting, in a spatially and temporally regulated manner, multiple steps in this complex process.
Impact of other bacterial pathogens on Par polarity complex and TJ function
Yersinia pseudotuberculosis induces the transmigration of polymorphonuclear leukocytes (PMNs) across the intestinal epithelium. Perturbation of TJs, either by inducing PMN transmigration with the chemoattractant formylated Met-Leu-Phe or by calcium chelation with ethylenediaminetetracetic acid, redistributes ␤1-integrin to the apical surface of intestinal epithelia, where it serves as a receptor for cell invasion. 64, 65 In polarized epithelial Madin-Darby canine kidney (MDCK) cells, infection with Y. pseudotuberculosis induces bacterial binding to ␤1-integrin in the apical membrane, dissociation of ZO-1 and occludin from the TJs, and F-actin reorganization. Consequently, occludin redistributes along the lateral membrane of infected cells, and this event is accompanied by decreased TER and increased permeability (Fig. 2C) . 66 Helicobacter pylori also disrupts the organization and assembly of apical junctions and causes loss of apical-basolateral polarity in epithelial cells. CagA, an effector protein of H. pylori, localizes to the sites of TJ formation and associates with ZO-1 and JAM (Fig. 2D) . 67, 68 CagA perturbs cell polarity, as demonstrated by the redistribution of glycoprotein 135 (gp135) from the apical to the basolateral membrane. 68 CagA interacts with and recruits PAR1b from the cytosol to the plasma membrane, and this association inhibits PAR1 kinase activity and prevents aPKC-mediated PAR1 phosphorylation, causing junctional and polarity defects, inhibiting tubulogenesis and cell differentiation, and initiating epithelial-to-mesenchymal transition (EMT). [69] [70] [71] [72] CagA also interacts with and inhibits protein kinase C-related kinase 2 (PRK2), which acts downstream of Rho GTPases and is known to affect cytoskeletal rearrangement and cell polarity (Fig. 2D) . 73 Pseudomonas aeruginosa forms bacterial aggregates on the apical membrane of epithelial cells just before translocation of T3SS-secreted effectors and the associated cytotoxicity. 74, 75 Activation of phosphatidylinositol 3-kinase (PI3K) and protein kinase B/Akt (Akt) are necessary for P. aeruginosa entry from the apical surface. 76 The binding of P. aeruginosa to the apical domain alters the composition of the membrane, transforming it from an apical surface to one with basolateral constituents. This transformation is accompanied by the recruitment of PI3K, the generation of PIP3, and the recruitment of actin into the membrane protrusions (Fig. 2E) . 77 Interestingly, gp135 and podocalyxin, both apical markers, were absent from the PIP3-rich protrusions. In contrast, the basolateral markers p58, ␤-catenin, and ␤1-integrin were present in the apical PIP3-rich structures (Fig. 2E) . 77 The dramatic rearrangement of membrane composition involves the recruitment of Par polarity complex to the membrane protrusions, suggesting that P. aeruginosa may affect apical-basal polarity. 78 Neisseria meningitidis interacts with endothelial cells and perturbs the blood-brain barrier. N. meningitidis recruits components of adherens junctions (VE-cadherin, p120-catenin, and ␤-catenin), TJs (ZO-1, ZO-2, and claudin-5), and Par polarity proteins (PAR3 and PAR6) underneath adherent microcolonies (Fig. 2F) . 79 N. meningitidis infection causes the formation of an ectopic domain containing filopodia-like structures that is enriched in junctional proteins and is called the "ectopic early junction-like domain." Interestingly, downregulation of CDC42, a component of Par polarity complex, inhibits the recruitment of PAR3, PAR6, VEcadherin, p-120 catenin, and actin to the ectopic early junction-like domain. In addition, inhibition of PAR6 and PKC-reduces the recruitment of p120-catenin, VE-cadherin, actin, and PAR3 to these domains. 79 N. meningitidis increases endothelial permeability by inducing the formation of gaps between infected cells. These findings suggest that recruitment of Par polarity complex proteins is associated with disorganized cell-cell junctions and opening the paracellular route, allowing the bacteria to cross the brain endothelial monolayer. 79 All of these studies illustrate the sophisticated interplay between pathogen-induced damage and the host response, underscoring apical-basal polarity as a key target of both pathogen and host defense systems.
Conclusions
Several studies highlight the importance of cell-cell junctions in the maintenance of apical-basal polarity and vice versa, indicating the existence of cross talk between these two molecular complexes. Many publications have demonstrated the effect of EPEC on epithelial cell disruption; however, very little is known about the impact of EPEC on apical-basal polarity. We discussed how EPEC and other pathogens may modulate epithelial polarity through dysregulation of multiple factors, including disruption of the intestinal barrier, redistribution of adhesion and polarity proteins, and recruitment of polarity complexes to infection sites, all of which lead to impaired apical-basal polarity. Alterations in the integrity of TJs and cell polarity may be an important step in the pathogenesis of infectious diseases. Future research is warranted to explore the many ways that microorganisms alter epithelial cell homeostasis.
